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Abstract
Glacial-relict species of the genus Mysis (opossum shrimps) inhabiting both fresh-water lakes and brackish sea waters in
northern Europe show a consistent lake/sea dichotomy in eye spectral sensitivity. The absorbance peak (lmax) recorded by
microspectrophotometry in isolated rhabdoms is invariably 20–30 nm red-shifted in ‘‘lake’’ compared with ‘‘sea’’
populations. The dichotomy holds across species, major opsin lineages and light environments. Chromophore exchange
from A1 to A2 (retinal R 3,4-didehydroretinal) is a well-known mechanism for red-shifting visual pigments depending on
environmental conditions or stages of life history, present not only in fishes and amphibians, but in some crustaceans as
well. We tested the hypothesis that the lake/sea dichotomy in Mysis is due to the use of different chromophores, focussing
on two populations of M. relicta from, respectively, a Finnish lake and the Baltic Sea. They are genetically very similar, having
been separated for less than 10 kyr, and their rhabdoms show a typical lake/sea difference in lmax (554 nm vs. 529 nm).
Gene sequencing has revealed no differences translating into amino acid substitutions in the transmembrane parts of their
opsins. We determined the chromophore identity (A1 or A2) in the eyes of these two populations by HPLC, using as
standards pure chromophores A1 and A2 as well as extracts from bovine (A1) and goldfish (A2) retinas. We found that the
visual-pigment chromophore in both populations is A1 exclusively. Thus the spectral difference between these two
populations of M. relicta is not due to the use of different chromophores. We argue that this conclusion is likely to hold for
all populations of M. relicta as well as its European sibling species.
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Introduction
The crustacean genus Mysis encompasses a large number of
species and populations living in marine, brackish-water and fresh-
water environments. Repeated changes of habitats and light
environments have occurred at both inter- and intraspecific levels
on time scales ranging from millions to a few thousands of years
[1]. This makes Mysis an attractive clade for studying rates and
modes of visual evolution in relation to photic environment.
Especially, a circumboreal group of ‘‘glacial relict’’ sibling species
has yielded much insight into the roles of adaptations vs.
phylogenetic constraints on shorter time scales [2,3,4,5,6].
Comparing single-rhabdom absorbance spectra with opsin gene
phylogeny in nine populations of three European glacial-relict
species (M. relicta, M. salemaai, M. segerstralei) from Scandinavian
lakes and the Baltic Sea, ref. [7] concluded that differences in
spectral absorbance show no clear correlation with either species,
major opsin gene lineages, or current light environments. Instead,
there is a consistent spectral dichotomy between ‘‘lake’’ and ‘‘sea’’
populations, such that spectral absorbance in all lake populations
studied (n= 5) peaks at significantly longer wavelengths (range of
within-population mean lmax = 554–562 nm) than in any of the
sea populations (lmax = 521–535 nm; n= 4). If encoded by the
opsin, this would suggest the unlikely scenario that parallel lake/
sea divergences have occurred several times independently on
quite different genetic backgrounds and time scales, even though
there would often have been no evident advantage in terms of
visual function (analyzed in terms of quantum catch and
conceptual signal-to-noise ratio in ‘‘lake’’ and ‘‘sea’’ environments
as described by Jokela-Ma¨a¨tta¨ et al., 2007). Moreover, inter- and
intraspecific spectral differences could not be consistently ex-
plained by amino acid substitutions in the opsins, whether in
residues implicated in spectral tuning of vertebrate pigments
[9,10,11,12] or any other loci [7].
However, the absorbance spectrum of a visual pigment is
determined not by the opsin alone, but by its interaction with the
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covalently bound cofactor, the chromophore. The use of varying
proportions of two alternative chromophores, retinal (A1) and 3,4-
didehydroretinal (A2), allows many fishes and amphibians to tune
their visual pigments on a physiological time scale in response to
environmental and physiological factors related to, e.g., seasons
[13,14] or stages of life history [15,16]. Targeting of different A1 :
A2 ratios to different regions of the retina or to different cell classes
allows selective spectral tuning of different parts of the visual field
[17] or of different photoreceptor types [18,19]. For A1 pigments
with lmax around 500–550 nm, replacing A1 by A2 will red-shift
lmax by 20–50 nm, quite appropriate to account for the lake-sea
dichotomy in Mysis [20,21,22]. The A1 : A2 system is found also in
several fresh-water crustaceans [23,24], and can be physiologically
regulated by light and temperature just like in fishes and
amphibians [25]. We therefore decided to test the hypothesis that
the lake/sea dichotomy in Mysis is due to differential use of
chromophores A1 and A2.
We focussed on a much-studied lake-sea pair of Finnish M.
relicta populations, which are genetically very similar [2]. At the
end of the last glaciation (ca. 8000 years ago: [26]), one
population, here denoted LP, was entrapped in what is now the
deep brown Lake Pa¨a¨ja¨rvi. The other population, here denoted
SP, lives in the Baltic Sea at the SW coast of Finland (in Pojoviken
Bay). Light transmission in the two water bodies peaks around
680 nm and 575 nm, respectively, but in Lake Pa¨a¨ja¨rvi very little
light of any kind remains at the depths inhabited by the LP animals
[3]. The two populations show the characteristic lake/sea
difference in spectral sensitivity, as the absorbance maxima of
isolated rhabdoms measured by MSP lie at lmax(LP)<554 nm and
lmax(SP)<529 nm [5]. There is a correlating difference in the
activation energies of their visual pigments [27,28,29], confirming
that the spectral difference reflects a real difference of the visual-
pigment molecules and is not due to effects of, e.g., screening
pigments or bleaching products. Yet, no differences have been
found in the conceptual amino acid sequences of their opsins as
derived from genomic DNA sequences covering the parts of the
genes that code for the transmembrane parts of the opsin
(unpublished results of J. Pahlberg and L. Kerosuo-Pahlberg; see
[7]).
Materials and Methods
Ethical Statement
Mysis relicta is not an endangered species, but on the contrary,
the most common macrocrustacean in Finnish waters. Under
Finnish legislation, no permit is needed for the sampling of
invertebrates. The coordinates of the sampling locations for the SP
and LP animals are, respectively, N 59u59.909 E 23u27.359 and N
60u00.099 E 23u27.529. The former area (Pojoviken Bay) is a
public shipping lane operated by the Finnish Transport Agency.
Scientific study is part of the governance of the area; i.e., sampling
for scientific purposes is not only allowed, but part of the intended
use of the area. The latter area (Lake Pa¨a¨ja¨rvi) is a public water
body, which has served as a limnological study area of the
University of Helsinki since 1953. Quite regardless of any of the
aforementioned conditions, Finnish legislation guarantees public
access according to the general principle of ‘‘everyman’s right’’
(common rights) to all areas regardless of ownership (private/
state/municipal), unless explicit and precisely specified regulations
apply (which is not the case here). Common rights include
unrestricted sampling of such invertebrate species that are not
defined as endangered. The land-owner’s permission is never
required for these purposes.
Goldfish. Five Ryukin goldfish (Carassius auratus) were bought
on the day of the experiment in a pet shop in Moscow, where they
were kept in aquaria under room temperature in standard
conditions. Experiments were performed in compliance with the
European Community Council Directive 2010/63/EU and the
Institute of Biochemical Physics of the Russian Academy of
Sciences policy. The fish were sacrificed by an overdose of
anaesthetic by placing them in a solution of MS-222 (500 mg/l
tricaine methanesulfonate, Sigma-Aldrich). No manipulations
were carried out on the fish before sacrifice. No IACUC approval
was obtained specifically for this study. Experiments on tissue
isolated from animals that have been sacrificed in compliance with
officially accepted procedures, without previous manipulations, do
not require specific permission under Russian or EU law.
Cattle. Fresh bovine eyes (Bos taurus) were purchased from a
meat processing factory (‘‘Ramensky trade house’’, Krasnoarmeis-
kaia st.131, 140109, Ramenskoe, Moscow region, Russia). The
work was done with the permission of the slaughterhouse to use
these bovine eyes for scientific research.
Chemicals
The reagents N-Bromosuccinimide, N-phenylmorpholine, and
sodium sulphate were of biochemical or reagent grade purity,
obtained from Sigma-Aldrich (USA) and Component-Reactive
Ltd (Russia). Solvents hexane, ethyl acetate and methanol of
HPLC grade purity were purchased from Biosolve (The Nether-
lands). Tetrahydrofuran, dichloromethane and diethyl ether were
obtained from Russian commercial suppliers and purified by
distillation before the experiments. All-trans-retinal (A1) was
obtained from Sigma-Aldrich (USA). Plastic 1-ml microcentrifuge
tubes and disposable Pasteur pipettes from Eppendorf (Germany)
were used. All reactions with reagents sensitive to oxygen and
moisture were carried out in dry argon atmosphere. In the
experiments with photosensitive compounds, care was taken to
protect the samples from light by means of aluminium foil
wrapped around the equipment.
Mysis relicta: Animals and Preparation
Animals. The SP animals were caught in daytime in July and
August from a depth of about 20 m in Pojoviken Bay with an
epibenthic sledge ending in a plastic bag. The LP animals were
caught in Lake Pa¨a¨ja¨rvi from a depth of 60–75 m by a vertical net
ending in a cod-end, also in daytime, but care was taken to protect
them from strong light exposures. The animals were transferred to
plastic bags in styrofoam boxes containing water just previously
collected from the same depth to minimize shocks from sudden
changes in temperature or other factors. The animals were
transported in dark containers in oxygen-rich water held at the
temperature of the sampling locality to Tva¨rminne Zoological
Station (University of Helsinki), where they were kept in dark
aquaria at 4uC before examination.
Preparation of samples. The animals were decapitated and
the eye stalks were cut under weak white microscope illumination,
just strong enough to enable dissection under natural viewing. All
the following steps were carried out in a room lit only by dim
daylight (with curtains drawn). The eye samples were put into a
glass homogenizer containing 2 ml of bi-distilled water and
thoroughly homogenized. The homogenate was transferred to a
round-bottom flask and treated with 2 ml of dichloromethane,
after which the organic layer was separated with a 10-ml
separating funnel or a Pasteur pipette. The extraction was
repeated twice, and the organic layers were combined. The
organic extract was dried over sodium sulphate, purified by
chromatography on a silica gel microcolumn (mesh 40, Merck)
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with dichloromethane as the eluent, and the solvent was removed
under reduced pressure. The dried extract was dissolved into the
eluting system for subsequent HPLC analysis.
Synthesis of All-trans-3,4-didehydroretinal (A2)
All-trans-retinal (500 mg, 1.76 mmol) was dissolved in 30 ml
tetrahydrofuran (THF) and the solution was cooled on an ice bath.
Then 780 mg (4.40 mmol) of N-bromosuccinimide dissolved in
5 ml THF was added under intensive stirring, and the reaction
mixture was stirred at 0uC for 30 min. The reaction was
monitored by thin-layer chromatography (TLC) on Kieselgel
60F254 precoated plates (Merck (Germany)) in a hexane : ethyl
acetate (4:1) mixture (Rf of the product was near 0.05). N-
phenylmorpholine (570 mg, 3.52 mmol) was added to the reaction
mixture, and the mixture was stirred overnight at a temperature
below 0uC. The reaction was monitored by TLC (Rf of the
product was near 0.55). When the reaction was complete, the
mixture was evaporated and re-dissolved in 100 ml diethyl ether.
The organic layer was washed with 1 M HCl (50 ml62) and then
water (50 ml63). The combined extracts were dried over sodium
sulphate and the solvent was removed under reduced pressure.
The crude residue containing 3,4-didehydroretinal was pre-
purified by flash-column chromatography on Kieselgel 60 (Merck,
(Germany)) to obtain fractions enriched with A2. A mixture of
petroleum ether and ethyl acetate was used as the eluent, where
the percent of ethyl acetate was raised from 0 to 10. The final 3,4-
didehydroretinal product was obtained by preparative HPLC
(model Smartline 1000, Knauer, Germany, silica gel column
5 mm, 206250 mm, YMC, Japan). The eluent system was hexane
: ethylacetate (90:10, (v/v)) with the addition of 100 ml absolute
methanol for 1 L eluent mixture, and flow rate 7.0 ml/min. The
monitoring wavelength was 370 nm. The yield of pure 3,4-
didehydroretinal was 227 mg (47%), Rf 0.55 (hexane : ethyl
acetate (4:1)), e 43000 (lmax 398 nm), 58–59uC. The structure of
the prepared compound was confirmed by 1H-NMR spectroscopy
and the absorbance spectrum, peaking in the UV, was recorded on
a Shimadzu UV – VIS-2401PC spectrophotometer (Japan) in
quartz cuvettes with thickness 10 mm. The physical-chemical
properties of the synthesized 3,4-didehydroretinal complied with
literature data [30,31].
Preparation of Biological Reference Samples from
Vertebrate Retinas
Biological reference samples were prepared from retinas of
vertebrate species agreed to contain ‘‘pure’’ chromophore, either
A2 (Ryukin goldfish, see [32]) or A1 (bovine; no mammals have
A2). Below, the preparatory procedures are described.
Goldfish. On the day of the experiment, 5 Ryukin goldfish
(Carassius auratus) were bought in a pet shop, where they were kept
in aquaria under room temperature in standard conditions. The
fish were sacrificed by an overdose of anaesthetic by placing them
in a solution of MS-222 (500 mg/l tricaine methanesulfonate,
Sigma-Aldrich). The retinas from the 5 fish were then isolated,
placed in a glass homogenizer containing 2 ml of bidistilled water,
and thoroughly homogenized following the same procedures as for
the Mysis samples. To favour formation of the all-trans-isomer,
dissection and isolation of the retinas was done in full daylight.
Subsequent steps were carried out under weak light.
Cattle. Fresh bovine eyes (Bos taurus) were obtained from a
meat processing factory in Moscow. The retinas were isolated
within 3 h after the death of the animal. Rod outer segments were
harvested with a modified version of the method of preparative
centrifugation in a sucrose density gradient [33]. To drive most of
the chromophore into the all-trans-state, the rod outer segment
suspension from 10 eyes was exposed to strong white light for
3 min (150 W incandescent lamp KGM 24–150; 400–700 nm
with a heat filter). It was then placed in a glass homogenizer
containing 2 ml of twice-distilled water and thoroughly homog-
enized, following the same procedures as for the Mysis samples. All
these procedures were carried out under weak light.
HPLC Analysis of Retinal Derivatives
Analysis was performed on a HPLC system (model Smartline
1000, Knauer (Germany)) with detector K-2500 with variable
wavelength. The detection wavelength used was 370 nm. Optimal
analytical separation of A1 and A2 retinal derivatives was achieved
with two sequentially linked columns (Silica 7 mm, 25064.6 mm
(IBM Instruments, USA) and Kromasil 5 mm, 25064.6 mm),
using as eluent hexane – ethyl acetate (7% v/v) with the addition
of absolute methanol (100 ml for 1 L mixture) and flow rate
1.0 ml/min.
Results
The absorbance spectra of our A1 and A2 standards, i.e., the
commercial all-trans-retinal (A1) and the synthesized all-trans-3,4-
didehydroretinal (A2), are shown in Fig. 1 A. The spectra, peaking
at 380 and 401 nm, respectively, are in good agreement with
literature data [30,31]. Fig. 1 B shows HPLC records for these
standards, the top chromatogram for A1 alone, and the bottom
chromatogram for a mixture of A1 and A2. Under the HPLC
conditions we used, the peaks corresponding to A1 and A2 are
obviously well separated.
Fig. 2 shows results of control experiments confirming that the
A1 and A2 standards behave identically to extracts of visual-
pigment chromophores from animal eyes under the HPLC
conditions used. The animal samples were prepared from eyes
of Ryukin goldfish, representing pure A2, and bovine eyes,
representing pure A1 as described in the Materials and Methods
section. In Fig. 2 A, the HPLC analysis result of the goldfish
extract (top chromatogram), is compared with that of a mixture of
the same extract and the standards A1+ A2 (bottom chromato-
gram). The main difference is the appearance of a prominent new
peak (consistent with A1) in the bottom chromatogram, not
present in the top chromatogram. In addition, there is a relative
growth of the goldfish chromophore peak, consistent with
coincidence of the goldfish peak with that for the A2 standard.
In Fig. 2 B the same comparison is done for the bovine extract.
Here, the addition of the A1+A2 standard mixture to the extract is
associated with a new peak in the A2 position (bottom
chromatogram), not present in the bovine extract alone (top
chromatogram). These results are of course as such completely
unsurprising. However, they serve to confirm that our all-trans
standards and corresponding natural chromophore from retinal
extracts behave identically under our HPLC protocol.
We were also able to identify 11-cis isomer of A1 in extracts
from bovine rod outer segments using the standard 11-cis isomer of
A1 prepared according to Pat. RU No 2417983 [34] (chromato-
grams with 11-cis standard not shown). These peaks are labelled
accordingly in Fig. 2 B and Figs. 3 A and B, and consistent with
these, we tentatively attribute the peak marked X in Fig. 2 A to the
11-cis-isomer of the goldfish chromophore (A2).
Fig. 3 illustrates the results of our main experiments to identify
the visual pigment chromophore in the eyes of the LP (panel A)
and SP (panel B) populations of M. relicta. The rationale was the
same as in the goldfish and bovine experiments described above.
The HPLC chromatograms for extracts from the eyes of the
respective population (top chromatograms in panels A (LP) and B
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(SP)) are compared with the HPLC chromatograms for the same
extracts with the A1+A2 standard mixture added (bottom
chromatograms in panels A and B). In both panels (i.e., both
populations), it is obvious that the only major change brought by
the addition of the A1+A2 standard mixture is the appearance of a
new peak in the A2 position, not present in the eye extracts alone.
This indicates unambiguously that the eyes of LP and SP M. relicta
contain no A2 chromophore. In other words, the chromophore of
both populations is pure A1.
Discussion
The M. relicta populations LP and SP offer an attractive pair for
addressing the origins of the consistent spectral-sensitivity differ-
ence between Mysis populations trapped in fresh-water lakes and
Figure 1. Characterization of the chromophore standards used: all-trans-retinal (A1) from Sigma-Aldrich (USA) and all-trans-3,4-
didehydroretinal (A2) synthesized as described in the Materials and Methods section. (A) UV-VIS absorbance spectra of the A1 and A2
standards in methanol. (B) HPLC analysis of the A1 standard (top) and a mixture of the A1 and A2 standards (bottom). (Conditions: column Silica gel
(7 mm, 4.66250 mm (IBM)), isocratic mode, 8% diethyl ether in hexane (v/v), flow rate 1 ml/min; monitoring at 370 nm.).
doi:10.1371/journal.pone.0088107.g001
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those living in brackish water. They show a typical lake/sea shift
(25 nm) in the spectral absorbance of single rhabdoms, yet they
are genetically very similar, which constrains possible explana-
tions. No differences have been found in the conceptual amino
acid sequences of their opsins as derived from genomic DNA
sequences covering by now practically the whole transmembrane
parts of the opsin (unpublished results of J. Pahlberg and L.
Kerosuo-Pahlberg; see [7]). Admittedly, invertebrate opsins might
Figure 2. Comparative HPLC analysis of natural chromophores prepared from extracts of goldfish and bovine retinas (see Materials
and Methods section) and the A1 and A2 standards. HPLC conditions as in Fig. 1. (A) Goldfish preparation (top chromatogram) vs. mixture
of goldfish preparation and standards A1 and A2 (bottom chromatogram). The peak marked X is likely to correspond to the 11-cis-isomer of A2. (B)
Bovine preparation (top chromatogram) vs. mixture of bovine preparation and standards A1 and A2 (bottom chromatogram).
doi:10.1371/journal.pone.0088107.g002
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have ‘‘unconventional’’ tuning sites e.g. in the cytoplasmic
domains that have not yet been sequenced (for structural
differences between a Gq-coupled opsin and vertebrate opsins,
see [35]. Yet, different chromophore usage offers an obvious and
parsimonious hypothesis to account for the occurrence of similar
spectral differences on the quite different genetic backgrounds of
three Mysis species. Chromophore exchange A1« A2 is used not
only in vertebrates, but also in some crustaceans [23,24,25] to
produce spectral shifts of the right order of magnitude. Thus the
aim of the present study was to test the hypothesis that the red-shift
Figure 3. Comparative HPLC analysis of chromophore extracts from eyes of Mysis relicta from populations LP (lake) and SP (sea).
HPLC conditions as in Figs. 1 and 2. (A) LP preparation (top) vs. mixture of LP preparation and standards A1 and A2 (bottom). (B) SP preparation
(top) vs. mixture of SP preparation and standards A1 and A2 (bottom).
doi:10.1371/journal.pone.0088107.g003
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of ‘‘lake’’ compared with ‘‘sea’’ M. relicta has been achieved by
replacing chromophore A1 by A2.
The results of our experiments are very clear. HPLC analysis of
chromophore samples from the two populations against A1 and
A2 standards revealed no A2 in either the LP or the SP animals,
whereas A1 was prominent in both. Thus the hypothesis that the
difference in spectral sensitivity of these two populations of M.
relicta is due to a chromophore difference can be definitely rejected.
To what extent can this conclusion be generalized to other
populations of M. relicta and its European sibling species, where
similar lake/sea spectral differences have been observed? As we
have here studied only one lake and one sea population of one
species, of course there remains the possibility that differences
could in other cases still be due to chromophore differences.
However, if a functional A1–A2 system were present and
biologically important in other populations of M. relicta, and/or
in M. salemaai and M. segerstralei, it is very hard to understand why
the particular population pair studied here should have lost it and
had to reinvent a similar spectral difference by some other means.
It thus seems justified to think that chromophore exchange is not
the mechanism underlying the lake/sea spectral difference in any
of the European glacial-relict species studied in refs. [5,7].
Our identification of the visual-pigment chromophore as pure
A1 means that we are still left in ignorance regarding the
molecular or cellular origins of the spectral dichotomy of lake and
sea populations. Thus we have to consider alternative possibilities.
The presence of very similar differences across species and
populations, with speciation and separation histories covering
times from millions of years down to a few thousands of years and
involving repeated transitions between ‘‘lake’’ and ‘‘sea’’ condi-
tions, may be explained along at least two quite different lines: (i) A
similar lake/sea difference may have been independently rein-
vented over and over again by hitherto unknown tuning
mechanisms on different genetic backgrounds and different time
scales; or (ii) The difference may arise phenotypically from a
shared ‘‘reaction norm’’ [36] - a developmental switch sensitive to
some environmental factor(s) differing between lake and sea
environments and conserved from the shared deeper history of the
clade.
The latter alternative seems much more likely. Phenotypic
plasticity of spectral absorbance can be achieved not only by
variable chromophore proportions, but also by variable expression
of several opsins, as extensively studied in fishes (e.g.
[37,38,39,40,41,42,43,44]). These investigations present a very
rich picture of selective adjustment of the spectral properties of
specific cell classes in response to life-history factors. This line of
reasoning is encouraged to some extent by the recent finding that
rhabdoms of M. relicta contain two spectrally different types of
photoreceptors [45].
Whatever the ‘‘final pathway’’ that implements a lake/sea
switch in spectral sensitivity during development, however, it
remains a major (and separate) question what environmental cues
the switch responds to. Earlier notions that the lake/sea differences
in spectral sensitivity are ‘‘adaptive’’ [46,3,5] in terms of quantum
catch or signal-to-noise ratios achieved in the different light
environments cannot be generally upheld [7, cf. 8].
In the North American sibling species M. diluviana, formerly
included in the species M. relicta, studies are restricted to ‘‘lake’’
populations, and nothing can be said at the moment about possible
systematic variation of visual pigments with habitat. Consistent
with our present results for European members of the M. relicta
species group, all populations seem to use the A1 chromophore.
The M. diluviana populations in Cayuga Lake (New York) and Lake
Ontario have an A1 pigment peaking at 520 nm [47,48]. It should
be noted, however, that chromophore identification in these
studies was based on the shape of single-rhabdom absorbance
spectra, a method fraught with uncertainties (see below). In the
populations of Pend Oreille and Hayden Lake (Idaho), single-
rhabdom spectra showed a lmax variation range of 495–529 nm
(n= 27) with mean lmax < 510 nm [5]. At least at the low end of
this range, the shapes of spectra were consistent with pure A1. As
such, spectral differences between M.diluviana and M. relicta and M.
salemaai with the same A1 chromophore is not surprising, since
several non-conserved amino acid substitutions have been
indicated by genomic opsin DNA sequencing [7].
We would finally like to point out that the use of pure A1
chromophore by M. relicta makes functional sense in light of what
is known about spontaneous (thermal) activation of visual
pigments. A2 pigments are thermally much less stable than their
A1 pairs [32], implying that they generate much stronger intrinsic
‘‘dark’’ noise due to randomly occurring photon-identical events,
impairing the detectability of real light [49,50]. Previously, the
chromophore of all three European glacial-relict Mysis species
were tentatively identified as A2, as MSP spectra recorded from
single rhabdoms were best-fitted by the broader spectral templates
for A2 visual pigments [5,7, cf. 51]. It always seemed puzzling why
Mysis populations should use the noisy A2 chromophore, as many
of them spend at least part of their lives in very dark environments.
The misidentification was due to the fact that the shape of recorded
spectra is not a very reliable indicator of chromophore content (see
[19]). Quite regardless of variations in technical quality, recorded
spectra may be broadened (or indeed narrowed) by several factors,
e.g. various kinds of screening as well as the presence of bleaching
products or mixtures of visual pigments [45].
Acknowledgments
We wish to thank the Tva¨rminne Zoological Station and the Lammi
Biological Station of the University of Helsinki for excellent working
facilities and help with collecting animals.
Author Contributions
Conceived and designed the experiments: KD MO. Performed the
experiments: NB MY TF OD AK. Analyzed the data: NB MY TF OD AK
ML KD MO. Contributed reagents/materials/analysis tools: ML. Wrote
the paper: KD MO TF. Synthesis of A2 chromophore: NB AK.
References
1. Audzijonyte A, Damgaard J, Varvio SL, Vainio JK, Va¨ino¨la¨ R (2005a)
Phylogeny of Mysis (Crustacea, Mysida): history of continental invasions inferred
from molecular and morphological data. Cladistics 21: 575–596.
2. Va¨ino¨la¨ R, Riddoch BJ, Ward RD, Jones RI (1994) Genetic zoogeography of the
Mysis relicta species group (Crustacea: Mysidacea) in northern Europe and
North America. Can J Fish Aquat Sci 51: 1490–1505.
3. Lindstro¨m M (2000) Eye function of Mysidacea (Crustacea) in the northern
Baltic Sea. J Exp Mar Bio Ecol 246: 85–101.
4. Audzijonyte A, Pahlberg J, Va¨ino¨la¨ R, Lindstro¨m M (2005b) Spectral sensitivity
differences in two Mysis sibling species (Crustacea, Mysida): adaptation or
phylogenetic constraints? J Exp Mar Bio Ecol 325: 228–239.
5. Jokela-Ma¨a¨tta¨ M, Pahlberg J, Lindstro¨m M, Zak P, Porter M et al. (2005) Visual
pigment absorbance and spectral sensitivity of Mysis relicta (Crustacea, Mysida)
in different light environments. J Comp Physiol A 191: 1087–1097.
6. Audzijonyte A, Va¨ino¨la¨ R (2006) Phylogeographic analyses of a circumarctic
coastal and a boreal lacustrine mysid crustacean, and evidence of fast postglacial
mtDNA rates. Mol Ecol 15: 3287–3301.
7. Audzijonyte A, Pahlberg J, Viljanen M, Donner K, Va¨ino¨la¨ R (2012) Opsin
gene sequence variation across phylogenetic and population histories in Mysis
(Crustacea: Mysida) does not match current light environments or visual
pigment absorbance spectra. Mol Ecol 21: 2176–2196.
Mysis relicta Visual Pigment Has Chromophore A1
PLOS ONE | www.plosone.org 7 February 2014 | Volume 9 | Issue 2 | e88107
8. Jokela-Ma¨a¨tta¨ M, Smura T, Aaltonen A, Ala-Laurila P, Donner K (2007) Visual
pigments of Baltic Sea fishes of marine and limnic origin. Vis Neurosci 24: 389–
398.
9. Nathans J (1990) Determinants of visual pigment absorbance: role of charged
amino acids in the putative transmembrane segments. Biochemistry 29: 937–
942.
10. Asenjo AB, Rim J, Oprian DD (1994) Molecular determinants of human red/
green color discrimination. Neuron 12: 1131–1138.
11. Hunt DM, Dulai KS, Partridge JC, Cottrill P, Bowmaker JK (2001) The
molecular basis of a spectral tuning of rod visual pigments in deep-sea fish. J Exp
Biol 204: 3333–3344.
12. Hunt DM, Carvalho LS, Cowing JA, Davies WL (2009) Evolution and spectral
tuning of visual pigments in birds and mammals. Philos Trans R Soc Lond B Biol
Sci 364: 2941–2955.
13. Beatty DD (1974) Rhodopsin-porphyropsin changes in paired-pigment fishes. In:
Vision in Fishes: New Approaches to Research (ed. M.A. Ali) 635–644. New
York: Plenum Press.
14. Temple SE, Plate EM, Ramsden S, Haimberger TJ, Roth WM et al. (2006)
Seasonal cycle in vitamin A1/A2-based visual pigment composition during the
life history of Coho Salmon (Oncorhynchus Kisutch). J Comp Physiol A 192:
301–313.
15. Wald G (1946) The metamorphosis of visual system in Amphibia. Biol Bull 91:
239.
16. Reuter T (1969) Visual pigments and ganglion cell activity in the retinae of
tadpoles and adult frogs (Rana temporaria L.). Acta Zool Fenn 122: 1–64.
17. Reuter TE, White RH, Wald G (1971) Rhodopsin and porphyropsin fields in the
adult bullfrog retina. J Gen Physiol 58: 351–371.
18. Bowmaker JK, Dartnall HJA, Herring PJ (1988) Longwave-sensitive visual
pigments in some deep-sea fishes: segregation of ‘‘paired’’ rhodopsins and
porphyropsins. J Comp Physiol A 163: 685–698.
19. Saarinen P, Pahlberg J, Herczeg G, Viljanen M, Karjalainen M et al. (2012)
Spectral tuning by selective chromophore uptake in rods and cones of eight
populations of nine-spined stickleback (Pungitius pungitius). J Exp Biol 215:
2760–2773.
20. Dartnall HJ, Lythgoe JN (1965) The spectral clustering of visual pigments.
Vision Research 5: 81–100.
21. Ha´rosi FI (1994) An analysis of two spectral properties of vertebrate visual
pigments. Vision Res 34: 1359–1367.
22. Whitmore AV, Bowmaker JK (1989) Seasonal variation in cone sensitivity and
short-wave absorbing visual pigments in the rudd Scardinius erythrophthalmus.
J Comp Physiol A 166: 103–115.
23. Suzuki T, Makino-Tasaka M, Eguchi E (1984) 3-Dehydroretinal (vitamin A2
aldehyde) in crayfish eye. Vision Res 24: 783–787.
24. Suzuki T, Eguchi E (1987) A survey of 3-dehydroretinal as a visual pigment
chromophore in various species of crayfish and other freshwater crustaceans.
Experientia 43: 1111–1113.
25. Suzuki T, Arigawa K, Eguchi E (1985) The effects of light and temperature on
the rhodopsin-porphyropsin visual system of the crayfish Procambarus clarkii.
Zoolog Sci 2: 455–461.
26. Eronen M, Glu¨ckert G, Hatakka L, van de Plassche O, van der Plicht J et al.
(2001) Rates of Holocene isostatic uplift and relative sea-level lowering of the
Baltic in SW Finland based on studies of isolation contacts. Boreas 30: 17–30.
27. Ala-Laurila P, Pahlberg J, Koskelainen A, Donner K (2004) On the relation
between the photoactivation energy and the absorbance spectrum of visual
pigments. Vision Res 44: 2153–2158.
28. Ala-Laurila P, Donner K, Koskelainen A (2004) Thermal activation and
photoactivation of visual pigments. Biophys J 86: 3653–3662.
29. Pahlberg J, Lindstro¨m M, Ala-Laurila P, Fyhrquist-Vanni N, Koskelainen A et
al. (2005) The photoactivation energy of the visual pigment in two spectrally
different populations of Mysis relicta (Crustacea, Mysida). J Comp Physiol A
191: 837–844.
30. von Planta C, Schweiter U, Chopard-dit JL, Ruegg R, Kofler M et al. (1962)
Synthesen in der Vitamin A2-Reihe. 4. Physikalische Eigenschaften von
Isomeren Vitamin A und Vitamin A2 Verbindungen. Helv Chim Acta 45:
548–561.
31. Liu RSH, Asato AE (1984) Photochemistry and synthesis of stereoisomers of
vitamin A. Tetrahedron 40: 1931–1969.
32. Williams TP, Milby SE (1968) The thermal decomposition of some visual
pigments. Vision Res 8: 359–367.
33. Papermaster DS (1982) Preparation of rod outer segments. Methods Enzymol
81: 48–52.
34. Fomin MA, Belikov NE, Lukin AYu, Laptev AV, Demina OV et al. Patent RU
No 2417983. The preparation of 11-cis-isomer of retinal.//cl. C07C403/14;
priority 30.10.2009, appl. No 2009140175 from 30.10.2009. Published
10.05.2011: Bulletin Izobreteniya. Poleznye modeli No 13. MPC C07C 403/
14. P.13 (in Russian).
35. Murakami M, Kouyama T (2008) Crystal structure of squid rhodopsin. Nature
453: 363–368.
36. Woltereck R (1909) Weitere experimentelle Untersuchungen u¨ber Artvera¨nder-
ung, speziell u¨ber das Wesen quantitativer Artunterschiede bei Daphniden.
Verhandlungen der deutschen zoologischen Gesellschaft 19: 110–73.
37. Shand J (1993) Changes in the spectral absorption of cone visual pigments
during the settlement of the goatfish Upeneus tragula: the loss of red sensitivity as
a benthic existence begins. J Comp Physiol A 173: 115–121.
38. Browman HI, Hawryshyn CW (1994) The developmental trajectory of
ultraviolet photosensitivity in rainbow trout is altered by thyroxine. Vision Res
34: 1397–1406.
39. Archer S, Hope A, Partridge JC (1995) The molecular basis for the green-blue
sensitivity shift in the rod visual pigments of the European eel. Proc R Soc
Lond B Biol Sci 262: 289–295.
40. Hope AJ, Partridge JC, Hayes PK (1998) Switch in rod opsin gene expression in
the European eel, Anguilla anguilla (L.). Proc R Soc Lond B Biol Sci 265: 869–
874.
41. Carleton KL, Kocher TD (2001) Cone opsin genes of African cichlid fishes:
tuning spectral sensitivity by differential gene expression. Mol Biol Evol 18:
1540–1550.
42. Shand J, Hart NS, Thomas N, Partridge JC (2002) Developmental changes in
the cone visual pigments of black bream Acanthopagnus butcheri. J Exp Biol
205: 3661–3667.
43. Parry JW, Carleton KL, Spady T, Carboo A., Hunt DM et al. (2005) Mix and
match color vision: tuning spectral sensitivity by differential opsin gene
expression in Lake Malawi cichlids. Curr Biol 15: 1734–1739.
44. Spady TC, Parry JW, Robinson PR, Hunt DM, Bowmaker JK et al. (2006)
Evolution of the cichlid visual palette through ontogenetic subfunctionalization
of the opsin gene array. Mol Biol Evol 23: 1538–1547.
45. Zak P, Lindstro¨m M, Demchuk JuV, Donner K, Ostrovsky MA (2013) The eye
of the opossum shrimp Mysis relicta (Crustacea, Mysidae) contains two visual
pigments located in different photoreceptor cells. Dokl Biol Sci 449: 68–72.
46. Lindstro¨m M, Nilsson HL (1988) Eye function of Mysis relicta Love´n (Crustacea)
from two photic environments. Spectral sensitivity and light tolerance. J Exp
Mar Bio Ecol 120: 23–37.
47. Gal G, Loew ER, Rudstam LG, Mohammadian AM (1999) Light and diel
vertical migration: Spectral sensitivity and light avoidance by Mysis relicta.
Can J Fish Aquat Sci 56: 311–322.
48. Boscarino BT, Rudstam LG, Loew ER, Mills EL (2009) Predicting the vertical
distribution of the opossum shrimp, Mysis relicta, in Lake Ontario: a test of
laboratory-based light preferences. Can J Fish Aquat Sci 66: 101–113.
49. Donner K, Firsov ML, Govardovskii VI (1990) The frequency of isomerization-
like ‘dark’ events in rhodopsin and porphyropsin rods of the bull-frog retina.
J Physiol 428: 673–692.
50. Ala-Laurila P, Donner K, Crouch RK, Cornwall MC (2007) Chromophore
switch from 11-cis-dehydroretinal (A2) to 11-cis-retinal (A1) decreases dark noise
in salamander red rods. J Physiol 585: 57–74.
51. Govardovskii VI, Fyhrquist N, Reuter T, Kuzmin DG, Donner K (2000) In
search of the visual pigment template. Vis Neurosci 17: 509–528.
Mysis relicta Visual Pigment Has Chromophore A1
PLOS ONE | www.plosone.org 8 February 2014 | Volume 9 | Issue 2 | e88107
